We report the major element as well as the oxygen, magnesium, and silicon isotope composition of a unique presolar silicate grain found in the fine-grained fraction of the Antarctic CR2 chondrite Graves Nunataks 95229. The grain is characterized by an extremely high 17 30 Si relative to solar system compositions, with δ 25 Mg = 79 ± 21‰, δ 26 Mg = 70 ± 20‰, and δ 30 Si = 379 ± 92‰. This isotopic composition is consistent with an origin in the ejecta of a ∼1.3-1.4 M ONe nova with large contributions of material from a main-sequence companion star of roughly solar metallicity. However, many details of the stellar source remain undetermined, owing to the uncertainties of current nova nucleosynthesis models. Auger electron spectroscopic analyses identify O, Mg, Si, and Fe as the grain's major constituents. Its (Mg + Fe)/Si atomic ratios are lower than that of olivine and correspond on average to Fe-Mg-pyroxene. A complex texture and heterogeneous major element distribution within the grain attest to condensation under non-equilibrium conditions, which is consistent with the proposed nova origin.
INTRODUCTION
Refractory dust grains with highly anomalous isotopic compositions are found in small quantities in primitive meteorites, interplanetary dust particles, and cometary matter (e.g., Zinner 2007; Hoppe 2008) . These "presolar" grains have formed in the winds of evolved stars or in the ejecta of stellar explosions. After passage through the interstellar medium (ISM), they were incorporated in the dust and gas cloud from which our solar system formed ∼4.6 Ga ago. A fraction of them survived alteration and homogenization processes during solar system formation and represent samples of ancient stardust available for laboratory analyses. Investigation of their isotopic compositions and mineralogy provides valuable information on stellar nucleosynthesis and evolution, grain growth in circumstellar environments, types of stars that contributed material to the protosolar molecular cloud, and chemical and physical processes in the ISM.
Refractory silicates and oxides are among the most abundant presolar grain types. Most (>99%) of these grains are divided into four distinct groups, according to their oxygen isotopic compositions (Nittler et al. 1997 (Nittler et al. , 2008 Nguyen et al. 2007 ). Group 1-3 grains (∼90%) come from low-mass (1.2-2.2 M ) asymptotic giant branch (AGB) stars, whereas grains of Group 4 (∼10%) most likely formed in the ejecta of Type II supernovae (SNeII; Nittler et al. 2008; Vollmer et al. 2008) . Another small fraction ( 1%) displays 17 O/ 16 O ratios (>5-6 × 10 −3 ) that cannot be produced in single AGB stars (Nittler et al. 2008; Gyngard et al. 2011; Palmerini et al. 2011) . These "extreme Group 1" grains are believed to stem from binary star systems with mass transfer (Nittler et al. 2008) ; some of them might have formed in the ejecta of nova explosions (Nittler & Hoppe 2005; Nittler et al. 2008 Nittler et al. , 2012 Gyngard et al. 2010 Gyngard et al. , 2011 . 4 Author to whom correspondence should be addressed.
Classical novae are stellar explosions that occur in close binary star systems, where a white dwarf (WD) star accretes hydrogen-rich material from a nearby companion, typically a K or M main-sequence star of solar composition. Sustained mass accretion from the companion star increases the envelope temperature up to a few 10 8 K. The ensuing thermonuclear runaway triggers the nova outburst. Depending on white dwarf composition and mass, nova outbursts are divided into CO-(WD composed mainly of C and O, M WD < 1.1 M ) and ONe-novae (WD composed of O, Ne, and some Mg; M WD 1.1 M ).
Infrared and ultraviolet observations (e.g., Gehrz et al. 1998; Shore et al. 1994) suggest that novae form grains in their expanding ejecta. While frequent dust formation is observed around CO novae, ONe novae are not such prolific dust producers. Their ejecta have lower masses and higher expansion velocities than those of CO novae, and the typical local densities in the expanding shells may be too low to allow significant dust condensation. However, ONe nova eruptions tend to produce mainly O-rich dust, especially silicates (Gehrz et al. 1998; José et al. 2004) . Although novae are more frequent (35 ± 11 yr −1 ) than supernova explosions (∼0.02 yr −1 ), they contribute only 0.1% of the Galactic interstellar dust (Shafter 1997; Gehrz et al. 1998) .
We report the isotopic and major element composition for one unusual presolar silicate grain from the CR chondrite Graves Nunataks (GRA) 95229. Measurement of several isotope systems (O, Mg, Si) allows us to constrain its stellar source to a classical nova outburst. Several presolar silicates and oxides of likely nova origin have been reported to date (Nittler et al. 1997 (Nittler et al. , 2008 (Nittler et al. , 2012 Choi et al. 1999; Nguyen et al. 2003 Nguyen et al. , 2007 Nguyen et al. , 2010a Nguyen et al. , 2010b Nguyen et al. , 2011a Nguyen et al. , 2011b Vollmer et al. 2007; Gyngard et al. 2009 Gyngard et al. , 2010 Gyngard et al. , 2011 Bose et al. 2010) , but the grain of this study is the first specimen with a significant 30 Si-excess. Preliminary results have been reported by Leitner et al. (2012) . Bose et al. 2010; Ch99: Choi et al. 1999; G09, G10: Gyngard et al. 2009 G09, G10: Gyngard et al. , 2010 N03, N07, N10a&b, N11a&b: Nguyen et al. 2003 N03, N07, N10a&b, N11a&b: Nguyen et al. , 2007 N03, N07, N10a&b, N11a&b: Nguyen et al. , 2010a N03, N07, N10a&b, N11a&b: Nguyen et al. , 2010b N03, N07, N10a&b, N11a&b: Nguyen et al. , 2011a N03, N07, N10a&b, N11a&b: Nguyen et al. , 2011b Ni97, Ni08: Nittler et al. 1997 , 2008 V07: Vollmer et al. 2007 .
EXPERIMENTAL
Grain GR95_13_29 was discovered in thin section 97 from the Antarctic CR2 chondrite GRA 95229 (obtained from the Johnson Space Center Meteorite Curation Facility) by semiautomated ("chained analysis") ion imaging with the NanoSIMS 50 at the Max Planck Institute for Chemistry. For initial O-isotopic measurements, a Cs + primary beam (100 nm diameter, ∼1 pA) was rastered over 10 × 10 μm 2 sized sample areas (256 × 256 pixels). The total integration time for each field was ∼55 minutes. Secondary ion (SI) images of 16, 17, 18 O − , 28 Si − , and 27 Al 16 O − were acquired in multi-collection mode. Prior to analysis, sample areas of 14 × 14 μm 2 were presputtered with a high-current primary beam (∼20 pA) to remove the carbon coating on selected regions. After relocalization and high-resolution imaging with a LEO 1530 FE-SEM, the elemental composition of GR95_13_29 was analyzed with the PHI 700 Auger Nanoprobe at Washington University in St. Louis, MO, using established procedures for presolar silicate grains ); details are given by .
The Si-isotopic composition of the grain was measured again with the Cs + primary source by scanning over a field of view of 3 × 3 μm 2 (128 × 128 pixels, ∼80 minutes integration time). 28, 29, 30 Si − were measured in multi-collection mode, together with 16,17 O − for grain identification. To minimize contribution from surrounding matrix grains during Mg isotope analysis, the grain was isolated following the focused ion beam (FIB) procedure described in Nguyen et al. (2010a) and Kodolányi & Hoppe (2010 ) with a FEI Helios 600 instrument at the University of Saarland (Saarbrücken, Germany). After preparation, a 6 × 6 μm 2 area (256 × 256 pixels) including the grain was scanned with an ∼80 nm primary 
RESULTS AND DISCUSSION
Results of the isotopic measurements are listed in Table 1 , together with O-, Mg-, and Si-isotopic data of presolar nova candidate silicates and oxides from the literature. Isotopic compositions are reported either as isotopic ratios or as δ-values (deviation of a measured ratio of isotopes R i and R j from solar system composition in per mil (
GR95_13_29 Figure 3 ). The Mg-isotopic composition was determined to be δ 25 Mg = 79 ± 21‰ and δ 26 Mg = 70 ± 20‰ (Figure 4 ). Contributions from surrounding matrix material to the Mg and Si isotopic compositions could not be eliminated completely, and the values reported for GR95_13_29 in Table 1 should be considered as lower limits.
From the high-resolution SEM image (Figure 2(a) ), a compound/polygrain structure of the grain is clearly visible (the dotted line in each panel corresponds to the outline of the 17 O-anomaly). Element distribution maps of Mg, Si, S, and Fe for GR95_13_29 and the surrounding matrix are shown in Figures 2(b) -(e). Neither Al nor Ca above detection limit is present. All detected elements show a heterogeneous distribution within the grain; two subareas with high Si contents (Figure 2(c) ) are surrounded by material with lower Si and higher Mg abundances (Figure 2(b) ). Sulfur is present in three (Hynes & Gyngard 2009 ). Potential nova grains are marked by the red symbols (for references, see Table 1 ), together with GR95_13_29 from this study (white circle). Additionally, solar system isotopic composition is represented by the dashed lines. (A color version of this figure is available in the online journal.) distinct areas (Figure 2(d) ), roughly correlated with elevated Fe abundances (Figure 2(e) ).
Quantitative results were obtained for two spots (denoted by "1" and "2" in Figure 2(a) ); the element abundances are O = 55 at%, Mg = 11 at%, Si = 17 at%, S = 3 at%, Fe = 14 at% (region 1), and O = 61 at%, Mg = 8 at%, Si = 22 at%, and Fe = 9 at% (region 2). Relative abundance errors, based on relative uncertainties in the sensitivity factors from standard measurements ), are 3.6% for O, 9.4% for Mg, 11% for Si, 10% for S, and 11.2% for Fe, respectively. No background correction was applied, and the measurement was affected by charging, so that the true uncertainties have to be assumed larger than the ones reported above. We calculate Mg/Si ratios of 0.66 ± 0.09 (region 1) and 0.34 ± 0.05 (region 2), as well as Fe/Si ratios of 0.66 ± 0.12 (region 1) and 0.39 ± 0.06 (region 2), respectively. The Fe abundance for the silicate fraction was corrected by assuming that S is present in the form of FeS; the uncorrected Fe/Si-and (Mg + Fe)/Si-values for region 2 are slightly higher. (Mg + Fe)/Si is 1.3 ± 0.2 for region 1, characteristic for the "intermediate" type of presolar silicates with a stoichiometry between olivine and pyroxene, and region 2 displays (Mg + Fe)/Si = 0.7 ± 0.1, indicating a Si-rich silicate (e.g., Table 1 ; data for SiC Z, nova candidate SiC, and Group 1-4 presolar silicate grains are taken from Hynes & Gyngard (2009) . The range of Si-isotopic compositions for mainstream SiC is marked by the gray ellipse, and the dotted line denotes the SiC mainstream line (Zinner et al. 2006) . (A color version of this figure is available in the online journal.)
He-burning process, resulting in C/O > 1 in the envelope and turning the star into a carbon star. This precludes condensation of O-rich dust during this episode of stellar evolution, since all oxygen is bound in the very stable CO molecule (Lodders & Fegley 1995) . Potential 30 Si-rich silicates must be produced before the third dredge-up raises C/O above unity. Only the M = 5 M star model with Z = 0.004 from the MONASH code yields a significant 30 Si excess (δ 30 Si = 854‰) at C/O = 1 (Zinner et al. 2006) . Stars with M > 4 M are likely to experience HBB which leads to 18 O/ 16 O ratios orders of magnitude lower than the nearly solar value observed for grain GR95_13_29. Therefore, we can exclude an AGB star origin for GR95_13_29.
We explored the SNII models by Rauscher et al. (2002) O ratios drastically. Type Ia supernovae are caused by the thermonuclear explosion of a mass-accreting white dwarf in a binary system (e.g., Nomoto et al. 1997 , and references therein), resulting in the total disruption of the white dwarf. Hydrodynamic calculations yield subsolar O-isotopic ratios (2.3 × 10 . Three-isotope plot for magnesium. Solar system composition is denoted by the dashed lines. The data for the reference nova candidate grains are listed in Table 1 .
(A color version of this figure is available in the online journal.)
identified the merger of two white dwarfs as the most probable scenario for SN 2011fe. Compared to the data from Nomoto et al. (1997) , such a scenario would result in even more extreme enrichments in 16 O, 24 Mg, and 28 Si. Thus, we can rule out an SN origin for this grain.
We noted before that the maximum 17 O/ 16 O ratio that can be achieved by single AGB star nucleosynthesis is ∼6 × 10 −3 for Z = 0.5-1.5 Z . A possible scenario to circumvent this "single AGB cutoff" barrier is by mass transfer in close binary star systems, when one component is "polluted" with material from the other star (Marks et al. 1997 ). This mechanism has been invoked to explain extreme 17 O/ 16 O ratios as well as unusually high 25 Mg and 26 Mg excesses observed in some presolar grains (Nittler et al. 2008 ). Type Ia supernovae, which are stricto sensu also mass-transferring binaries, have been discussed previously, and nova outbursts will be treated below. Based on the conclusions derived for single AGB stars let us first consider a binary system consisting of a low-mass main-sequence star (1-1.5 M ) and an intermediate-mass AGB star (5 M ). We assume that both stars have the same metallicity, namely lower than solar, to account for the observed 30 Si enrichments. When a star expands beyond its Roche lobe (i.e., the region in which the stellar material is gravitationally bound to its host), matter from the envelope is transferred through the inner Lagrangian point of the binary system to the companion star. Si is predicted to be ∼1000‰ at C/ O ∼ 2 (Zinner et al. 2006) . Before mass transfer, the low-mass companion star will have its initial Si-isotopic composition, assumed to be δ 30 Si = -150‰ (Zinner et al. 2006) , and C/O = 0.5. Mixing matter from the mass-losing star with the envelope of the low-mass companion star in a ratio 1:1 results in δ 30 Si ∼ 400‰, as observed in GR95_13_29, and C/O not far from unity. However, because HBB leads to a very low 18 O/ 16 O ratio in the envelope of the mass-losing star, this mass transfer will lower the 18 O/ 16 O ratio in the envelope of the companion star, which is already assumed to be lower than solar (Cristallo et al. 2009 ), by about a factor of two, inconsistent with the data for GR95_13_29. We thus exclude an origin from a binary system consisting of a low-mass main-sequence/red giant star and an intermediate-mass AGB star as source of grain GR95_13_29.
Classical novae are predicted to produce large enrichments in 13 (José et al. 2004 ). For CO novae, Mg synthesis depends strongly on the attained maximum temperature and the initial Mg abundances, while this is not the case for ONe novae. For the latter, a significant decrease of 24 Mg and 26 Mg is observed, which results in higher than solar 25 Mg/ 24 Mg ratios. Synthesis of 26 Al depends strongly on the peak temperatures, as well as the time spent at these temperatures. Nittler & Hoppe (2005) pointed out that the 26 Al/ 27 Al ratios of novae and supernovae have similar ranges and cannot be used to constrain the stellar sources of presolar grains.
CO novae display only very limited nucleosynthetic activity beyond the mass region of the CNO elements. The maximum temperatures during the explosion and the absence of significant amounts of seed nuclei forestall the production of Si isotopes, and solar-like Si-ratios are predicted by the models. ONe novae, in contrast, attain higher peak temperatures and contain sufficient heavier nuclei for the synthesis of silicon isotopes.
The 28 Si abundances increase from the 1 to 1.25 M models and drop slightly for higher masses (José et al. 2004) (José et al. 2004) .
We explored the ONe models from José & Hernanz (1998) and focused on the models ONe3 (1.15 M with 50% ad hoc-mixing), ONe5 (1.25 M with 50% ad hoc-mixing), and ONe6 (1.35 M with 50% ad hoc-mixing). For these three scenarios, the O-isotopic compositions were modified according to Gyngard et al. (2011) . For the ONe6 model, we observe a good match with the isotopic composition of GR95_13_29 if we assume a nova contribution of ∼1‰ to material from a companion star of solar composition. We find 17 An aggregate-or polygrain-like structure could be a qualitative indicator in ejecta of SNII ejecta, in contrast to single crystals which are more likely to be formed around red giant/AGB stars (Vollmer et al. 2008 , references therein). GR95_13_29, albeit not likely an SN condensate, displays a comparable structure; this fact supports the idea of grain formation in an explosive scenario like a nova eruption. The presence of a Si-rich subgrain with (Mg + Fe)/Si lower than what is characteristic for pyroxene-like materials (∼1) is also characteristic for condensation under non-equilibrium conditions (Nagahara & Ozawa 2008) .
CONCLUSIONS
The oxygen, magnesium, and silicon isotopic compositions of GR95_13_29 indicate an origin of this presolar silicate grain in the ejecta of a 1.35 M ONe nova mixed with 99.9% of material of solar composition from the companion star. The morphology and elemental composition determined by SEM and Auger Electron Spectroscopy support condensation under non-equilibrium conditions as observed for dust shells of nova eruptions. A full quantitative modeling of the grain data is currently not feasible, due to the uncertainties of the reaction rates used in novae nucleosynthesis models, and to the new developments in nova modeling, especially first three-dimensional computations (e.g., Casanova et al. 2011 ). However, we are able to exclude other stellar origins for GR95_13_29, and find good agreement between the presolar grain isotopic data and a specific ONe nova model.
